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Conditional inactivation(AER) in the vertebrate limb is required for limb outgrowth and patterning. To
investigate the role BMP ligands expressed in the AER play in limb development we selectively inactivated
both Bmp2 and Bmp4 in this tissue. The autopods of mice lacking both of these genes contained extra digits,
digit bifurcations and interdigital webbing due to a decrease in programmed cell death and an increase in cell
proliferation in the underlying mesoderm. Upon removal of Bmp2 and Bmp4 in the AER, no defects in
proximal–distal patterning were observed. At the molecular level, removal of Bmp2 and Bmp4 in the AER
caused an increase in Fgf expression, which correlated with an increase in both the width and length of the
AER. Investigation of Engrailed-1 (En1) expression in the AER of limb buds in which Bmp2 and Bmp4 had
been removed indicated that En1 expression was absent from this tissue. Our data suggests that AER
expression of Bmp2 and Bmp4 is required for digit and dorsal–ventral patterning but surprisingly not for limb
outgrowth.
© 2009 Elsevier Inc. All rights reserved.Introduction
The developmental program that governs formation of the
vertebrate limb involves a carefully controlled balance between
pathways leading to growth and differentiation, and pathways leading
to cell death. Several signaling centers direct differentiation of the
early limb bud along each of its three axes; proximal–distal, dorsal–
ventral, and anterior–posterior (reviewed in Tickle, 2003). The
molecules expressed in these centers set off a complex network of
signaling cascades that guide the proper organization and patterning
of the limb.
Classical experiments identiﬁed a region of posterior mesenchyme
in the limb bud that controlled the patterning of the vertebrate digits
along the anterior–posterior axis named the Zone of Polarizing
Activity (ZPA) (Saunders and Gasseling, 1968). Within this signaling
center, cells secrete the protein Sonic Hedgehog (SHH), creating a
posterior to anterior protein concentration gradient in the early limb
bud (Riddle et al., 1993). The consequence of the SHH protein gradient
is that cells in the posterior of the limb bud are exposed to higher
concentrations of SHH over longer amounts of time than cells locatedGenetics and Microbiology,
L 32611, USA. Fax: +1 352 273
ke University Medical Center,
l rights reserved.in more anterior positions (Harfe et al., 2004). Cells exposed to high
total amounts of SHH have been shown to form posterior digits while
cells exposed to lower levels of SHH formmore anterior digits (Yang et
al., 1997).
Limb outgrowth along the proximal–distal axis is controlled by a
separate signaling center, the Apical Ectodermal Ridge (AER; reviewed
in Tickle, 2003). The AER is a specialized layer of ectodermal cells
located along the distal tip of the limb bud. Several members of the
ﬁbroblast growth factor (Fgf) family are expressed in the AER. One of
these, Fgf8 is expressed throughout the AER and has been implicated
in controlling limb outgrowth and may also function in patterning the
most distal portion of the digits (Lewandoski et al., 2000; Sanz-
Ezquerro and Tickle, 2003). Fgf4 is expressed in the posterior AER and
is not required for normal limb development. However, in the absence
of Fgf8, Fgf4 is required for proximal–distal outgrowth of the limb
(Sun et al., 2000, 2002; Boulet et al., 2004). FGF proteins expressed in
the AER have also been demonstrated to regulate the expression of
genes in the limb mesenchyme required for proximal–distal pattern-
ing and for terminating limb bud outgrowth (Mariani et al., 2008;
Verheyden and Sun, 2008).
Genes expressed in the AER and ZPA interact through a complex
feedback loop involving FGF proteins in the AER and SHH, Bone
Morphogenetic Proteins (BMPs) and the BMP antagonist GREMLIN
in the underlying mesenchyme (reviewed in Panman and Zeller,
2003). Bmp signaling negatively regulates the feedback loop by
inhibiting Fgf expression although it is not clear which BMP protein(s)
function in this pathway. This signaling loop is important for
regulating limb outgrowth and the breakdown of the loop has been
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Sun, 2008).
The Bmp genes Bmp2, Bmp4 and Bmp7 are expressed in a dynamic
pattern during limb development in both the mesenchyme and
ectoderm and all three share an overlapping expression pattern in the
AER (reviewed in Robert, 2007). The diversity of functions that are
carried out by BMPs, combined with their distinct expression patterns
suggests that BMPs in different locations of the limb may carry out
discrete functions. To test this hypothesis we have investigated
the role BMPs expressed within the AER play in patterning the
developing limb.
To investigate BMP functions speciﬁcally in the AER, several groups
have used a transgenic approach to express the BMP antagonist noggin
in the AER (Plikus et al., 2004; Wang et al., 2004). In these mice,
polydactyly, syndactyly, an expanded AER and decreased cell death
were observed. A similar result was obtained in the chick system
(Pizette et al., 2001). Since all BMPs are affected upon exposure to
noggin, the roles of individual BMP ligands cannot be determined in
these experiments. In addition, in these experiments it was possible
that noggin inhibited additional pathways besides the BMP-signaling
pathway and/or that BMP signaling was not completely abolished.
To investigate the role of individual BMPs in the limb ectoderm, we
have taken a conditional gene knockout approach. Using conditional
ﬂoxed alleles of Bmp2 and Bmp4 and a transgenic allele that expresses
CRE recombinase in the AER we have disrupted expression of these
genes, individually and in combination, speciﬁcally in the AER. We
found that while removal of Bmp2 or Bmp4 in the AER had no
apparent effect on limb patterning, the combined loss of both Bmp2
and Bmp4 resulted in severe polydactlyly, syndactyly, retention of
interdigital tissue and defects in dorsal–ventral patterning. In addition
to examining the morphological consequences of BMP loss, we have
uncovered molecular defects in both the limb ectoderm and
mesoderm. Surprisingly, no defects in proximal–distal patterning
were observed.Fig. 1. Msx2-Cre removes ﬂoxed Bmp2 and Bmp4 alleles from the AER. Section RNA in
situ hybridizations for Bmp2 (A, B), Bmp4 (C, D) and Bmp7 (E, F) in wild type (Bmp2c/c;
Bmp4c/c) and double mutant (Bmp2c/c; Bmp4c/c, Msx2-Cre) hindlimb buds. Animals
homozygous for both the ﬂoxed Bmp2 and Bmp4 alleles were phenotypically normal
(see text). Double mutant and the corresponding wild type limb buds from littermates
are shown. A 20 μm sagittal section containing the AER is shown. Inserts are a zoomed
view of the AER. Note the expanded AER present in the double mutants (B, D, F). All
limbs are from E10.5 embryos. Comparison between mutant and wild type limb buds
were done with littermates. Mutant limbs, compared to wild type littermates were
usually larger (see text).Materials and methods
Mouse strain construction and genotyping
The creation and genotyping of the conditional ﬂoxed alleles
Bmp2c/c and Bmp4c/c have been described previously (Kulessa and
Hogan, 2002; Bandyopadhyay et al., 2006; Tsuji et al., 2006; Chang et
al., 2008). TheMsx2-Cre allele has also been described previously (Sun
et al., 2002). To create Bmp2c/c; Bmp4c/c, Msx2-Cre mice we ﬁrst
recombined the Msx2-Cre allele onto a chromosome containing the
ﬂoxed Bmp4c/c allele. The Msx2-Cre transgene has been reported to
have inserted into chromosome 14 very close to the gene Bmpr1a
(Pajni-Underwood et al., 2007). Bmp4 is located 12 million base pairs
from Bmpr1a (Shore et al., 1998). To generate mice containing the
Bmp4 ﬂoxed allele in cis with the Msx2-Cre allele we mated mice
heterozygous for both the Bmp4 ﬂoxed allele and the Msx2-Cre allele
to Bmp4 homozygous females. Offspring obtained from this cross that
were homozygous for the Bmp4 ﬂoxed allele and also contained the
Msx2-Cre allele must have undergone a meiotic recombination event
placing the Msx2-Cre allele in cis with the Bmp4 ﬂoxed allele.
Screening of ∼500 progeny revealed two mice, both males, which had
undergone the desired recombination event. Males that were Bmp4c/c,
Msx2-Cre were then mated to Bmp2c/c homozygous females. Males
from this cross that were heterozygous for both ﬂoxed alleles and
contained the Msx2-Cre allele were crossed to females homozygous
for both the Bmp2 and Bmp4 ﬂoxed alleles to create Bmp2c/c; Bmp4c/c,
Msx2-Cre animals (referred to as “double mutants” in this report).
Double mutant males were viable and were used to generate double
mutant and control (lacking theMsx2-Cre allele) embryos for analysis.
All mouse strains were on a mixed genetic background.Whole mount RNA in situ hybridization, Lysotracker staining, skeletal
preparations and cell proliferation analysis
RNAwholemount in situ hybridization, Lysotracker Red (Molecular
Probes) analysis and skeletal preparations were performed as
described previously (Wilkinson, 1992; Murtaugh et al., 1999; Karp
et al., 2000; Chi et al., 2003). Probes used to detect Bmp2 and Bmp4
were against the ﬂoxed regions of these genes and have been
described previously (Bandyopadhyay et al., 2006). At least three
animals for each genotype were examined in all experiments. To
detect cell proliferation levels in E11.5 hindlimbs anti-phosphohistone
H3 antibody (Cell Signaling Technology) was used at a 1:200 dilution.
Three doublemutants and threewild type animals were analyzed. The
number of anti-phosphohistone H3 positive cells from three 10 μm
sections of each embryo were counted within a standardized sized
box located at the distal edge of the limb (underneath the AER). All
comparisons between mutant and wild type embryos were done with
embryos from the same litter.
Results
Msx2-Cre inactivation of the ﬂoxed Bmp2 and Bmp4 alleles in the
limb AER
To investigate the roles of individual Bmps in the limb AER, mice
were created in which both Bmp2 and Bmp4 were removed from the
AER using an Msx2-Cre transgene (see Materials and methods). This
transgene drives expression of CRE recombinase in the AER of the
early limb bud and at low levels in the ventral ectoderm (Sun et al.,
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is expressed earlier in the hindlimb (24-somite stage) than in
the forelimb (28-somite stage) (Sun et al., 2002; Pajni-Underwood
et al., 2007).
To determine if the Msx2-Cre allele removed Bmp gene expression
we performed section RNA in situ hybridizations on E10.5 mice in
which both Bmp2 and Bmp4 had been removed from the AER (referred
to as “doublemutant embryos”; seeMaterials andmethods). In double
mutant embryos Bmp2 and Bmp4 were absent in the hindlimb AER
(Figs. 1A–D). In the forelimbs, occasional patchy Bmp2 and Bmp4
expression was observed consistent with the reported delayed
expression of the Msx2-Cre transgene in this tissue (data not
shown). To determine if both Bmp2 and Bmp4 were absent from the
same limb bud we performed double RNA in situs using probes for
both genes on the same double mutant limb bud. In all cases (n=6),
expression of both Bmp2 and Bmp4 were absent indicating that the
Msx2-Cre transgene had successfully recombined both ﬂoxed alleles
in the same limb bud (data not shown). Expression of a third Bmp,
Bmp7, in the AER was not altered upon removal of Bmp2 and Bmp4
from the limb AER (Figs. 1E and F).
Embryos carrying two ﬂoxed alleles of Bmp2 and Bmp4 (Bmp2c/c;
Bmp4c/c) and no Cre allele were phenotypically normal. These embryos
expressed both Bmp2 and Bmp4 in the posterior mesenchyme and
throughout the AER (Figs. 1A and C). Since the ﬂoxed alleles of neitherFig. 2. Removal of Bmp2 and Bmp4 from the AER results in polydactyly, syndactyly and retent
fore- and hindlimbs of newborn mice. Removal of both Bmp4 alleles (B, E) or both Bmp2 alle
Two examples of the skeletal defects present in the double mutants are shown (C and F
hindlimbs (H). Note the absence of webbing in Bmp4c/c, Msx2-Cre limbs. No proximal–distal
the AER (I, J).Bmp2 nor Bmp4 altered gene expression, these mice were used as
normal controls. A “cre control” mouse heterozygous for the ﬂoxed
Bmp2 and Bmp4 alleles and containing the Msx2-Cre allele did not
result in a visible phenotype.
Removal of Bmp2 and Bmp4 in the limb AER results in polydactyly,
syndactyly and retention of interdigital tissue but does not cause defects
in proximal–distal patterning
The AER has been shown to play an important role in limb
outgrowth and patterning (Tickle, 2003). To determine the role AER-
expressed Bmp2 and Bmp4 played in this process we examined the
limbs of double mutant animals. In these animals polydactyly,
syndactyly and retention of interdigital tissue were observed (Fig.
2). In the forelimbs, double mutants contained an ectopic post-axial
digit (n=5/6 limbs; Fig. 2C). The ectopic digit contained 2–3 skeletal
elements and was not attached to the metacarpal. The forelimbs of
double mutant mice also contained bifurcations of at least one of the
middle digits, usually at the distal end (n=6/6; Fig. 2C).
The hindlimbs of double mutant mice were more severely affected
than the forelimbs. Similar to the situation in the forelimbs,
polydactyly, retention of interdigital tissue and syndactyly were
observed in the double mutant hindlimbs. However, unlike what
was found in the forelimbs, the ectopic digit in the hindlimbs wasion of interdigital tissue. Skeletal preparations of wild type (A, D) and mutant (B, C, E, F)
les (data not shown) in the AER did not result in the production of a visible phenotype.
). Bright-ﬁeld images of adult Bmp4c/c, Msx2-Cre (G) and Bmp2c/c; Bmp4c/c, Msx2-Cre
defects were observed in limbs in which both Bmp2 and Bmp4 had been removed from
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2F). In addition, double mutant hindlimbs exhibited digit bifurcations
in both the proximal and distal ends of individual digits (Fig. 2F).
In the course of generating double mutants we also created
animals in which various combinations of Bmp2 and Bmp4 alleles
were removed from the limb AER. Mice that lacked either both alleles
of Bmp2 or both alleles of Bmp4 from the AER were phenotypically
wild type (Figs. 2B, E and data not shown). In addition, removal of one
additional allele of either Bmp2 or Bmp4 in these genetic backgrounds
did not produce a visible phenotype (data not shown).
Bmp signaling from the mesenchyme has been shown to play an
essential role in interdigital tissue regression (Selever et al., 2004;
Bandyopadhyay et al., 2006; Ovchinnikov et al., 2006). To determine if
ectodermal Bmp expression was important for regression of tissue
from between the forming digits we examined the interdigital tissue
of double mutant mice. In animals in which both Bmp2 and Bmp4
were removed from the AER, interdigital tissue was retained between
the digits. In severe cases, digits 1–4 were fused together (Fig. 2H).
Digit 5 was never found to retain interdigital tissue with digit 4.
Removal of Bmp2 and Bmp4 from the AER did not result in defects in
proximal–distal patterning (Figs. 2. I, J, n=6/6).
Removal of ectodermal BMPs resulted in expansion of the AER and
delayed AER regression
To determine the morphology of the AER upon removal of Bmp2
and Bmp4, E11.5 limbs were examined using CD44. A section
through the AER of an E11.5 limb revealed an elongated and thinner
AER (Figs. 3A and C and see Fig. 1).
Fgf genes are expressed in the AER and are excellent markers for
denoting the boundaries of the AER. In double mutant mice the
expression domains of both Fgf4 and Fgf8 were expanded along bothFig. 3. AER expansion upon removal of Bmp2 and Bmp4. (A, C) A section stained for
CD44 through the AER of an E11.5 limb revealed an elongated and thinner AER in limb
buds in which Bmp2 and Bmp4 had been removed from the AER. (B, D) In double
mutant limb buds Fgf8 expression was expanded both in the dorsal–ventral and
anterior–posterior directions. (E–H) No ectopic expression of Fgf8 was observed in
limbs that contained at least a single wild type allele of either Bmp2 or Bmp4.the dorsal–ventral and anterior–posterior axes in E10.5–E12.5 limbs
buds (Figs. 3 and S1). This phenotype is similar to what has been
reported upon removal of the Bmp receptor Bmpr1a in the AER (Pajni-
Underwood et al., 2007). However, unlike the receptor knockout we
did not observe gaps in Fgf4 or Fgf8 expression in E11.5 limb buds
upon AER removal of Bmp2 and Bmp4. Limb buds in which a single
allele of either Bmp2 or Bmp4 remained did not contain a noticeable
dorsal–ventral or anterior–posterior expansion of the AER (Fig. 3).
Ectopic Fgf expression was also observed in E12.0–E14.5 limb buds
(Fig. S1).Bmp2 and Bmp4 expression in the AER is required for regulating
interdigital apoptosis and cell proliferation
Apoptosis between the digits requires BMP signaling. Since
multiple BMPs and their receptors are expressed in both the limb
ectoderm and mesoderm it has been unclear what role individual
BMP ligands play in regulating apoptosis between the forming digits.
To determine if the retention of interdigital tissue observed in
mutant mice was caused by a decrease in apoptosis we stained
animals with Lysotracker Red to mark cells undergoing cell death.
Limbs in which Bmp2 or Bmp4 were removed contained no reduction
in interdigital cell death (data not shown). This is consistent with the
lack of any skeletal or visible phenotypes in these genetic back-
grounds (see Figs. 2 and 3). Mutant mice in which both Bmp2 and
Bmp4 were removed from the AER exhibited a drastic decrease in
cell death with the anterior portion of the limb being more severely
affected (Figs. 4A and B).
Msx transcription factors are downstream targets of the BMP
signaling pathway and have been shown to play a role in
mediating regression of the interdigital mesenchyme via apoptosis
(Marazzi et al., 1997; Satokata et al., 2000; Wang et al., 2004).
Mutant animals in which Bmp2 and Bmp4 were removed from the
limb ectoderm lacked detectable Msx2 expression in the AER (Figs.
4C and D). Msx2 expression in the underlying mesoderm was also
decreased (Figs. 4C–F).
In addition to a decrease in apoptosis, an increase in cell
proliferation can result in webbing between the digits. To determine
if there was a proliferation defect in the limbs of mice that lacked AER
expression of Bmp2 and Bmp4 we used an anti-phosphohistone H3
antibody to detect cells that were actively dividing (Figs. 4I–K). Double
mutant limbs were found to contain a signiﬁcant increase in the
number of proliferating cells underneath the AER (p=0.0047) than
their corresponding wild type littermates suggesting that AER-
expressed Bmps regulate both apoptosis and cell proliferation in the
underlying limb mesoderm.Distal Gremlin expression in the limb mesoderm requires expression of
Bmp2 and Bmp4 in the AER
The Bmp-antagonist Gremlin is initially expressed in the distal
limb bud mesenchyme underneath the AER (Panman et al., 2006). As
development progresses, Gremlin is excluded from the posterior limb
bud due to the expansion of cells that have at one time expressed Shh
(Scherz et al., 2004). Gremlin expression is also excluded from the
distal portion of the limb bud underneath the AER during limb
development by Fgf signaling (Verheyden and Sun, 2008). Analysis of
Gremlin expression in double mutant limb buds showed a striking
decrease of distal, but not proximal Gremlin expression in the early
limb bud mesenchyme compared to age-matched littermates
suggesting that AER expressed Bmps play a role in regulating
Gremlin (Figs. 4G and H). Hox gene expression but not hedgehog
signaling was also expanded in the anterior mesenchyme of the limb
bud (Fig. S2).
Fig. 4. AER expression of Bmp2 and Bmp4 is required for regulating cell death, cell proliferation and Gremlin expression in the limb mesenchyme. (A, B) Lysotracker red assay to
measure cell death in E13.5 hindlimb buds. Removal of both alleles of Bmp2 and Bmp4 in the AER resulted in a decrease in cell death (compare panels A and B). The decreasewasmore
pronounced in the anterior of the limb where almost all cell death was abolished (inserts in panels A and B). (C, D) In limbs in which both Bmp2 and Bmp4 were absent in the AER,
Msx2was not expressed in this tissue and expressionwas decreased in the mesenchyme underlying the AER. In both E11.5 (C and D) and E12.5 (E and F), lower amounts ofMsx2was
present in the limb mesenchyme upon removal of Bmp2 and Bmp4. (G, H) Distal Gremlin expression in the limb mesenchymewas reduced in E10.5 hindlimb buds inwhich Bmp2 and
Bmp4were removed from the AER. Proximal expressionwas not altered. Lines indicate the distance from the AER to distal limit of Gremlin expression. (I–K) Bmp ligands expressed in
the AER are required for regulating cell proliferation in the underlying mesenchyme. Removal of both alleles of Bmp2 and Bmp4 resulted in an increase in cell proliferation (compare
panels I and J). Images shown are transverse sections of the distal end of an E10.5 limb bud. (K) Quantiﬁcation of the number of antiphosphohistone H3 positive cells demonstrated
that there was a signiﬁcant increase in the number of proliferating cells in double mutant limbs (⁎p-value=0.002). Images in panels I and J were taken at the same magniﬁcation.
Double mutant limbs are larger than wild type (see text for details).
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ectodermal structures require Bmp2 and Bmp4 expression in the AER
Engrailed-1 (En1) is a homeodomain-containing transcription
factor expressed in the ventral AER (Joyner and Martin, 1987). Mice
homozygous for a null allele of En1 contain both dorsal–ventral
and proximal–distal defects (Loomis et al., 1996, 1998). In these
mice, the AER is broadened and Fgf8 expression is expanded. The
broadening of the AER in En1 null embryos is similar to the
phenotype we had observed upon removal of Bmp2 and Bmp4 in
the AER (see Fig. 3). To investigate if En1 expression was altered
after AER removal of Bmps we performed En1 RNA in situ
hybridizations on double mutant embryos. In double mutant
embryos lacking both Bmp2 and Bmp4 in the AER, En1 expression
was absent from the AER but still present in the ventral ectoderm
(Figs. 5A and B).
In the ventral ectoderm En1 expression is required to inhibit
expression of Lmx1, a LIM homeodomain transcription factor
expressed in the dorsal mesoderm of wild type embryos (Riddle etal., 1995). To determine if removal of Bmps from the AER affected
dorsal–ventral patterning we examined expression of Lmx1. In mutant
embryos Lmx1 expressionwas expanded through the AER but not into
the ventral ectoderm (Figs. 5C and D).
In animals in which dorsal–ventral patterning has been reported
to be altered, for example in Wnt7a null mice, tendons and
sesamoid bones are found to be ectopically located on the dorsal
side of the limb (Parr and McMahon, 1995). In mice in which both
Bmp2 and Bmp4 were removed from the AER, we observed tendons
and sesamoid bones in their normal location on the ventral side of
the limb (Figs. 5E and F and data not shown). Interestingly, a distal
dorsal ectodermal structure, the nail plate, was duplicated on the
ventral side of the limb upon removal of Bmp2 and Bmp4 from the
AER (Figs. 5G and H).
Discussion
In this report we investigated the role Bmp ligands in the AER play
in the patterning of the vertebrate limb. Previous work by others has
Fig. 5. Bmp ligands expressed in the AER are required for dorsal–ventral patterning. (A)
En1 is expressed in the AER of E11.5 hindlimb buds. (B) Upon removal of both Bmp2 and
Bmp4 from the AER, En1 expression was abolished in the AER of E11.5 limb buds. (C, D)
Lmx1b, a gene expressed only in the dorsal mesoderm, was ectopically expressed in the
ventral mesoderm in double mutant limbs (arrow in panel D denotes the location of the
AER). Panels A–D are “edge” views of E11.5 hindlimb buds. (E, F) The positions of
tendons, a ventral mesodermal structure, were not altered in double mutants.
Transverse section through an E15.5 limb is shown. vt = ventral tendon. (G, H) Sagittal
section of a onemonth-old limb showing the presence of an ectopic nail plate (n) on the
ventral side of a limb in which Bmp2 and Bmp4 were removed from the AER.
Fig. 6.Model: Proposed role of BMP ligands in the AER. (A) Inwild type limb buds Bmp2
and Bmp4 expressed in the AER activate the Bmp signaling pathway through the Bmp
receptor Bmpr1a cell autonomously. Activation of this pathway results in En1 andMsx2
expression in the AER. (B) Removal of Bmp2 and Bmp4 from the AER results in loss of
En1 and Msx2 expression which causes a failure in AER maturation leading to an
expanded AER in both the dorsal–ventral and anterior/posterior directions. The
expanded AER expresses Fgf genes at elevated levels leading to a decrease in distal
Gremlin expression, a decrease in cell death and an increase in cell proliferation in
the underlying mesenchyme. In the mesenchyme the BMP signaling pathway is still
functional upon AER Bmp removal. Model shows limb development during the
“promoting” phase, prior to regression of distal Gremlin expression (Verheyden and
Sun, 2008). See text for additional details.
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However, these studies were unable to address the role that Bmp
ligands expressed in the AER play in limb patterning. Using a
conditional knockout approach, we demonstrated that both Bmp2
and Bmp4 were required within the AER for activation of the Bmp
signaling pathway in this tissue. Surprisingly, the phenotype observed
upon removal of Bmp ligands from the AER did not resemble the
previously reported Bmpr1a AER knockout.
AER expression of Bmp2 and Bmp4 is not required for limb outgrowth
The complete inactivation of Bmp signaling to the AER through the
conditional inactivation of Bmpr1a results in limb agenesis indicating
that Bmp signaling to the AER is required for limb outgrowth (Ahn et
al., 2001; Pajni-Underwood et al., 2007). However, in our experiments
we did not observe any defects in limb outgrowth. It is often difﬁcult
to compare conditional knockout phenotypes due to the use of
different Cre alleles. However, we have used an identical Cre allele,
Msx2-Cre, that Pajni-Underwod et al. (2007) used to inactivate
Bmpr1a. The striking difference in phenotypes observed could be a
result of compensation from Bmp ligands present in the limb
mesoderm and/or Bmp7 in the AER.
Removal of different combinations of Bmps has been reported in
the limb mesenchyme (Selever et al., 2004; Bandyopadhyay et al.,
2006). In these experiments, Bmps were still expressed in the AER but
the AER was expanded in the anterior–posterior direction and, at leastin the case of Bmp4 removal from the mesenchyme, the AER was
broader (Selever et al., 2004). These data suggest that Bmps expressed
in the limbmesenchyme play a role in AER formation. If mesodermally
expressed Bmps can activate Bmp signaling in the AER through
Bmpr1a, as has recently been proposed (Pajni-Underwood et al.,
2007), our data indicates that they are incapable of inducing
expression of Msx2 a known target of the Bmp signaling pathway in
the AER (at levels that can be detected by RNA in situ hybridization). In
addition, mesodermally expressed Bmps apparently cannot rescue
expression of En1 nor defects in AER maturation in mice in which
Bmp2 and Bmp4 have been removed from the AER.
The source of Bmp ligands that activate the Bmp signaling
pathway within the AER is still unclear. Our data supports the
hypothesis proposed by Ahn et al. (2001) that Bmp ligand expression
in the lateral mesoderm and/or overlying ectoderm may be the
source of Bmp activity required for limb outgrowth (Ahn et al., 2001).
Removal of additional combinations of Bmp ligands in the AER, limb
ectoderm and/or lateral mesoderm could be performed to address
this question.
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Bmp signaling within the mesenchyme of the interdigital region
has long been proposed to regulate programmed cell death between
the forming digits (Zou and Niswander, 1996; Marazzi et al., 1997). A
recent model has been proposed in which interdigital cell death is
controlled by Bmp ligand expression in the interdigital region (Pajni-
Underwood et al., 2007). In this model, mesodermal Bmp ligands bind
to BMPR1A in the AER and regulate FGF activity in the AER. Our data
indicates that AER-expressed Bmps are responsible for interdigital cell
death andwe propose that Bmps expressed in the AER can activate the
Bmp signaling pathway through AER-expressed BMPR1A. In support
of this hypothesis, mesenchymal BMP expression was not altered in
the double mutants (Fig. S3). Our data does not rule out the possibility
that mesodermal Bmps are also required for interdigital cell death,
however the lack ofMsx2 expression, a known target of Bmp signaling
in the Bmp2/Bmp4-null AER indicates that mesodermal Bmps cannot
completely compensate for loss of Bmp expression in the AER.
The role of Bmp ligands in the AER
In the AER of limbs that lacked Bmp2 and Bmp4, En1 was lost from
the AER. En1 has been shown to be essential for maturation of the AER
and removal of this gene from the entire limb has been reported to
result in a wider AER, an expansion of Fgf8 and the formation of
ectopic AERs on the ventral side of the limb bud due to defects in
dorsal–ventral patterning (Loomis et al., 1996, 1998). Interestingly, the
only dorsal–ventral defects we observed upon removal of Bmp ligands
from the AER were the presence of a nail plate, a dorsal structure,
on the ventral side. These data suggest that En1 expression in
different regions of the limb may be required to repress speciﬁc
dorsal structures.
In the Bmp2/Bmp4 null AER we observed a striking increase in Fgf4
and Fgf8 expression in the AER similar to what has been reported in
En1 null embryos (Loomis et al., 1996, 1998). The loss of En1 in the
AER suggests that AER-expressed BMP ligands function upstream of
En1. It is not clear how this signaling cascade speciﬁes En1 expression
only in the ventral half of the AER, however, in a wild type limb once
En1 is activated in the ventral AER this structure undergoes
maturation and Fgf expression is limited. Removal of Bmp2 and
Bmp4 or En1 speciﬁcally from the AER results in a failure in AER
maturation. Based on our data and previous work from Pajni-
Underwood et al. (2007) we support the hypothesis that removal of
BMP2/4 from the AER results in expansion of Fgf expression that then
leads to an increase in cell proliferation and a decrease in apoptosis in
the underlying mesoderm (Fig. 6).
A recent report elegantly showed that an Fgf/Gremlin inhibitory
feedback loop triggers termination of limb bud outgrowth (Verheyden
and Sun, 2008). During early stages of limb development FGF levels
are low and Gremlin is expressed directly underneath the AERwhere it
inhibits Bmp signaling and maintains the Shh-Fgf feedback loop. As
limb development proceeds, Fgf signaling increases and distal Gremlin
expression is repressed. Our data supports a role for AER-mediated
Bmp expression in this process. Upon removal of Bmp2 and Bmp4
from the AER we observe an increase in Fgf expression and a
corresponding decrease in distal Gremlin expression in the limb
bud mesenchyme.
Our data does not rule out the possibility that BMP ligands
expressed in the AER can bind to ectodermal and/or mesodermal Bmp
receptors. Since Bmps are secreted molecules it is possible that Bmps
produced in the AER bind Bmp receptors in the AER and in the
underlying mesoderm. We favor a model in which AER-expressed
Bmps bind AER-expressed receptors and directly activate Bmp
signaling in this tissue, in addition to signaling to the mesenchyme.
In this model, a decrease in Bmp signaling in the AER results in failure
of the AER to undergo maturation resulting in a decrease in Gremlinexpression underneath the AER. In support of this model, proximal
Gremlin expression is not altered upon removal of Bmp ligands from
the AER suggesting that this domain of expression requires meso-
dermal and not ectodermal Bmp2 or Bmp4 ligand expression. It is
possible that Bmp7, which is expressed in the AER of double mutant
embryos, is required for proximal Gremlin expression.
We found that Msx2 expression was downregulated in the AER
upon removal of Bmp2 and Bmp4 from this tissue. This result is
identical to what has been reported upon removal of Bmp signaling
from the AER (Bmpr1a knockout (Pajni-Underwood et al., 2007))
suggesting that AER-expressed Bmps activate Bmp signaling within
the AER. Removal of Bmpr1a from the limbmesenchyme has also been
reported to cause a decrease in Gremlin expression. We propose that
ectopic expression of Fgf genes in animals in which Bmp2 and Bmp4
have been removed from the AER is a consequence of the failure of
proper AER maturation due to the lack of En1 and other unknown
targets.
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